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Introduction

5
The conventional model for nucleation of water into embryo ice crystals by ice nucleation proteins (INPs) and further into ice describes stepwise aggregation of water molecules composed of a minimum of 275 water molecules (Pradzynski et al., 2012) by electrostatic attraction of the polar parts of water by INPs until the critical size is exceeded. (Franks, 2003; Zachariassen and Kristiansen, 2000) However, the mechanism of phase transition from water to ice is still not fully understood and of great scientific interest.
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The mechanism of ice nucleation (IN) is generally divided into homogeneous and heterogeneous nucleation.
Homogeneous IN occurs without any foreign substance aiding the process of ice formation (Vali et al., 2015) and homogeneous freezing of ultra-pure water occurs only at highest super-cooled and supersaturated conditions, e.g.
for atmospheric water at temperatures below -38°C. (Cziczo and Froyd, 2014) Heterogeneous freezing is defined as IN aided by the presence of a foreign substance such as bacteria or others so that nucleation takes place at a 15 lesser super-saturation or super-cooling than is required for homogeneous IN. (Vali et al., 2015) For homogeneous ice formation at -5°C, 45,000 water molecules are required in an embryo ice crystal though this number can drop to 600 or lower when ice nuclei are present. Schaller, 1982) (3) Contact freezing is caused by an ice nuclei upon contact with a droplet surface (Cziczo and Froyd, 2014; Li et al., 2009 ) and (4) deposition freezing where IN occurs directly from water vapor upon an ice nuclei surface. (Vali et al., 2015; Cziczo and Froyd, 2014) 25 Bacterial IN proteins (INPs) bound to the outer membrane of some Gram-negative Bacteria can act as an ice nucleus (e.g. Pseudomonas syringae, Pseudomonas putida, Erwinia herbicola, Erwinia ananas, or Xanthomonas campestris) . (Maki et al., 1974; Lindow et al., 1982a; Sun et al., 1995; Lindow et al., 1978; Phelps et al., 1986; Kawahara, 2008; Abe et al., 1989; Zhao and Orser, 1990) The well-characterized plant pathogen P. syringae represents one of the most efficient bacterial ice nucleus known, initiating plant damaging ice formation at 30 temperatures of -2°C. (Lindow et al., 1982a; Lindow et al., 1982b) INPs have the property to catalyze heterogeneous ice formation of super-cooled water by orienting water molecules into an ice-like structure. (GurianSherman and Lindow, 1993; Warren and Wolber, 1991) The biological function of INPs is thought to direct ice formation into the extracellular space at warm subzero temperatures to provide adaption time for the bacterium to freezing stress. (Lorv et al., 2014) Furthermore, the resulting osmotic imbalance due to the extracellular ice 35 formation results in an above-average water outflow from the cell to lower the intracellular IN temperature. (Oude Vrielink et al., 2016) As described in this concept study, freezing from the inside of the cytoplasmic space is artificial and evidently does not provide any advantage for the survival strategy of bacteria at low temperatures. Recombinant gene technology, however, provides tools for such an artificial system. It is of specific interest to investigate IN within
40
Escherichia coli and derived Bacterial Ghosts (BGs) as it has been shown recently that BGs carrying INP on their outside are able to induce IN as effective as their living counterpart. (Kassmannhuber et al., 2017) Here, in this investigation the expression of truncated forms of InaZ of P. syringae without its N-terminal transporter sequence for location in the outer membrane (OM) were anchored to the inner membrane (IM) or expressed in the cytoplasm of E. coli. IN and freezing properties of the live bacteria and their BG derivatives were investigated and compared.
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BGs are defined as empty cell envelops derived from a Gram-negative bacterium produced by controlled 5 expression of cloned gene E of the bacteriophage PhiX174. E codes for a 91 aa polypeptide which forms in an oligomeric conformation a transmembrane tunnel structure through the bacterial IM and OM. (Blasi et al., 1989) Due to the osmotic pressure difference between cytoplasm and outside medium the cytoplasmic content of the bacterium is expelled. (Witte et al., 1990b; Witte et al., 1990a) The size of the transmembrane tunnel is fluctuating between 40 -200 nm and is located in areas of potential cell division sites predominantly in the middle of the cell 10 or at polar sites. (Witte et al., 1992; Fu et al., 2014) The BG internal lumen is free of nucleic acids, ribosomes or other constituents whereas the inner and outer membrane structures of the cell envelope are well preserved. (Witte et al., 1993) Bacterial INPs are composed of three characteristic protein domains, a highly repetitive central domain with several tandem consensus octapeptides (AGYGSTLT) and non-repetitive N-and C-terminal domains. (Green and 15 Warren, 1985; Kawahara, 2002) The relatively hydrophobic N-terminal domain (approximately 15% of the protein) is assumed to bind to phosphatidylinositol and polysaccharides and functions as membrane anchor. (Lorv et al., 2014; Kozloff et al., 1991; Kawahara, 2013; Li et al., 2012) The central domain is predicted to form ß-helical structures mimicking an ice like surface, which is able to bind water molecules and functions as template for orientating water into a lattice structure. (Kajava and Lindow, 1993; Graether and Jia, 2001; Wolber and Warren, 20 1989; Pandey et al., 2016) The function of the hydrophilic C-terminal domain is not completely understood, but it is believed to have an important role in stabilizing the INP conformation. (Kajava and Lindow, 1993; Lorv et al., 2014; Kawahara, 2013) Bacterial ice nuclei are classified according to their functional nucleation temperature into three different types; type I acts at -5°C or warmer, type II from -5 to -7°C and type III below -7°C, where type III assemblies as a core protein, type II as a glycoprotein and type I as a lipoglycoprotein. (Turner et al., 1990; Ruggles 25 et al., 1993; Kozloff et al., 1991) For biotechnological applications P. syringae the most effective bacterial ice nuclei is used by the snowmaking industry. Cell surface display system based on INPs or its N-terminal domain alone exhibit fused proteins of interest in the OM. (van Bloois et al., 2011; Fan et al., 2011; Kwak et al., 1999) Phage located reporter gene techniques using full length INPs have been developed (Lindgren et al., 1989) for diagnostic purposes to detect 30 Salmonella food contaminations. (Wolber and Green, 1990; Pattnaik, 1997) In this study, a 162 amino acids (aa) truncated N-terminal form of InaZ (1200 aa) (Wolber et al., 1986; Green and Warren, 1985) was anchored to the inner side of the E. coli C41 IM, using the membrane-targeting system reported by Szostak et al. (1990) . (Szostak et al., 1990) The system is based on the hydrophobic membrane spanning domains of the truncated E (E´) and L (L´) proteins of the bacteriophages ΦX174 and MS2, respectively that 35 localize foreign proteins to the inner membrane of the cell envelope. (Szostak et al., 1990; Szostak et al., 1997; Witte et al., 1998) The protein of interest can be anchored to the inner membrane via amino-terminal E´ sequence, the carboxy-terminal L´ sequence, or with both sequences. In this study E. coli cells carrying an IM anchored INP were used for ice nucleation studies and interface spectroscopy of both, the living E. coli cells and of corresponding E. coli BGs.
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To our knowledge intracellular INPs or anchored to the IM facing the cytoplasmic lumen or truncated forms of it have never been used as bacterial ice nuclei centers. (Fig. 1A) (Kassmannhuber et al., 2017) . Here, a truncated form of InaZ was localized to the inner membrane. For the production of living E. 
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In lysis plasmid pGLMivb the expression of gene E is driven by the IPTG inducible PTAC promoter. From the beginning of growth phase expression of the different -NINP constructs in E. coli C41 were induced by addition of 0.2 % arabinose to the growth medium. The culture was grown at 23°C since it was reported earlier that diminished IN activity was observed when ice nucleation active (ina + ) bacteria were grown above 25°C. (Chen et al., 2002; Obata et al., 1990) At an OD600 of 0.55-0.6 (mid-log phase after about 300 min of growth) E-specific 30 lysis in the recombinant bacteria was induced by addition of 0.5 mM IPTG and is referred to time point 0 min. in the growth curve (Fig. 2B) . The efficiency of E-lysis from time of lysis induction up to 120 min lysis time was (Fig. 2B) . Lysis efficiency (LE) for E. coli C41 carrying 5 plasmids (pBE-NINPH and pGLMivb) amounts to 99.9 %, for E. coli C41 carrying plasmid (pBH-NINPL and pGLMivb) a LE of 99.8 % and for E. coli C41 harboring plasmids (pBE-NINPHL and pGLMivb) a LE of 99.7 % was achieved. The produced BGs showed slight elongation, that is specific to the used E. coli C41 (Fig. 2D ) but retained their morphological structure. E-lysis of the different E. coli clones was also monitored online via flow cytometry (FCM) (Fig. 2E) . The 10 fluorescent dye RH414 staining phospholipid membranes enables discrimination of non-cellular background and DiBAC 4 (3) penetrating depolarized cell membranes binding to intracellular proteins or membrane compartments signaling changes in the membrane potential were used (Langemann et al., 2010; Langemann et al., 2016) . A complete switch of DiBAC-negative cells with high scatter signal (G1), to DiBAC-positive cells with a diminished scatter signal (G2) marks the completion of protein E-mediated lysis process (Fig. 2E ).
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In order to inactivate E-lysis escape mutants, the cultures were further incubated at 23°C and treated with 0.17 % (v/v) β-propiolactone for another 120 min. In the final preparation of E. coli BGs carrying either E´-NINP (E´-
NINP-BG), -NINP-L´(-NINP-L´-BG) or E´-NINP-L´ (E´-NINP-L´-BG) no viable cells were detected.
Recombinant E. coli C41 bacteria from time point of E-lysis induction and corresponding BGs after β-propiolactone treatment were analyzed by Western blotting ( ) were cooled down and the number of frozen droplets at each temperature was counted. As the first frozen droplets of E. coli C41 cells (median freezing temperature, T50, of -20.1°C) and 10 E. coli C41 BGs (T50 of -18.9°C) were detected at -14°C (Kassmannhuber et al., 2017) (Fig. 3B ) the IN activity of recombinant E. coli C41 cells described here and their BGs were monitored up to a temperature decrease of -13°C. Out of the particular freezing temperatures of the tested droplets (Fig. 3A) , the median freezing temperature, T50 (which is the temperature where 50% of all droplets are frozen) was calculated (Fig. 3B) .
BGs carrying E´-NINP fusion protein (E´-NINP-BG) showed a T50 value at -7.7°C, T50 for BG carriers of -NINP-
L´ (-NINP-L´-BG) was determined at -8.7°C and BGs with E´-NINP-L´ anchored (E´-NINP-L´-BG) a T50 at -9°C was recorded. Surprisingly, non-lysed E. coli C41 cells carrying E´-NINP (C41 E´-NINP), -NINP-L´ (C41-NINP-L´) and E´-NINP-L´(C41-E´-NINP-L´) (harvested before lysis induction) showed a bit higher subzero median
freezing temperatures than their E-lysed forms ( Fig. 3 A-B , Table 1 plotted as number fraction of frozen droplets in percent (fice %) at any temperature. B. T50, temperature where 50 % of all droplets are frozen. Forty-five 10 µl droplets of each suspension containing 5 x 10 8 cells or BGs ml -1 were tested by droplet freezing. T50 of living E. coli C41 (C41) () and its derived BG form (). The cumulative number of ice nuclei ml -1 active at a given temperature of recombinant E. coli C41 carrying three different anchored forms of -NINP (C) and their BG derived form (D). Average numbers are representative of three replicate assays. Error bars represent the standard errors.
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As the most active ice nuclei inside a droplet determines the temperature at which the droplet freezes (Govindarajan and Lindow, 1988; Lindow et al., 1982a ) a series of tenfold-dilutions from each suspension were tested to generate the cumulative IN spectra (Fig. 3 C-D) . The nucleation frequency (NF), obtained by normalizing the number of ice nuclei ml -1 for the number of cells in the suspension, describes the fraction of cells in the 15 suspension enfolding active IN sites at a given temperature (Orser et al., 1985) . 
Effect of INP on water structure within bacterial ghosts
30
To test the impact of INPs in the BG on the water structure, we used sum frequency generation (SFG) vibrational spectroscopy. SFG uses frequency mixing of infrared and visible laser pulses to probe the molecular structure of interfaces and is therefore ideally suited to monitor the very interface between monolayers of proteins and the surrounding water. (Perakis et al., 2016) For the signal to be measureable in the far field, inversion symmetry must be broken, as the selection rules dictate. (Boyd, 2003) The interaction of E´-NINP-BG with water was probed with SFG for BGs assembled at the air-water interface.
For the experiments, BGs where injected into the sample trough for a final concentration of 5 x 10 8 ml -1 and allowed to bind to the water surface. Heavy water was used for the experiments to reduce the spectral width of the 15 water region. BG adsorption at the air-water interface was verified by following the water surface tension during adsorption ( Figure 4a ). The data shows that equilibrium is typically reached after 1500 s. SFG spectra of the BG monolayers collected in the ssp (s-polarized SFG, s-polarized visible, p-polarized infrared) polarization combination are shown in Figure 4b (Rojas et al., 2014) and is compensated largely through the gel like structure of membrane-derived polysaccharides in the periplasmic space (PPS).
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Osmotic changes in E. coli are highly regulated using in addition to free diffusion of water through the lipid barrier of the IM also aquaporin water channels embedded within the IM connecting the PPS with the cytoplasm. and Yang, 1992; Garnham et al., 2011) As in the E´-NINP-L´ construct IN occurs at -9°C it is strongly felt that the latter assumption seems to be probable.
The free-movement of cytoplasmic -NINP facilitates its aggregation potential leading to significant higher NF high concentrated cytoplasm ice nuclei/cell were more frequent in living E. coli C41 than in the BGs constructs with membrane anchored -NINP. The fact that components with larger volumes nucleate first (Dumont et al., 2003 (Dumont et al., , 2004 and that IM -NINP BGs are connected to the water space through the E-tunnel structure it is obvious that first freezing events of such BGs can be detected earlier (-6°C for E´-NINP-BGs and -NINP-L´-BGs compared to -7°C and -8°C for E´-NINP-L´-BG compared to -9°C) than in intact E. coli cells. Our findings also indicate that 10 according to T50 of IM anchored INPs full E. coli cells promote the assembling of cytosolic water molecules (water content of the cell estimated to be 70%) (Milo, 2013) into ice lattice structures somewhat better than in the BG derivatives.
In our investigation of intact bacteria carrying IM bound or free INP ice crystal formation starts in the cytoplasm and is proceeding to the outside of the cell by crossing the cellular membrane. SFG data shows the mechanisms at 
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Strains, plasmids and plasmid construction
All bacterial strains, plasmids and primers utilized in this study are listed in Table 2 .
E. coli strain K-12 5-α has been used for routine cloning and E. coli C41 (DE3) (Lucigen) for BG production.
Plasmid pBAD24 (Guzman et al., 1995) , E-lysis plasmid pGLMivb and plasmid pBELK were obtained from BIRD-C plasmid collection. Plasmid pBELK contains an E´-L´-anchoring cassette derived from pKSEL5-2 10 (Szostak M., 1993) under control of PBAD promoter. Plasmid pEX-A2INP (Eurofins Genomics) harbors a chemically synthesized 3603 bp inaZ gene encoding INP of P. syringae S203. (Green and Warren, 1985) In lysis plasmid pGLMivb expression of the lysis gene E is under control of PTAC promoter and fused to an in vivo biotinylation sequence translational. Expression vector pBH-NINP, coding for a N-terminal His-tagged truncated INP lacking 486 bp of the 525 bp long N-terminal domain (H-NINP) has been described previously.
15 (Kassmannhuber et al., 2017) In order to construct a fusion between INP and the E´-anchor first a truncated INP lacking N-terminal domain (-NINP) (lacking first 485 nt) was generated. A 3171 bp fragment absent of INP N-domain sequence was produced by PCR amplification using plasmid pEX-A2INP as template and primers P1 and P2 to introduce XbaI-and PstIrestriction sites at the termini and a 6x-His tag coding sequence at 3´-end with a terminal coding sequence. The 20 amplified PCR-product coding for -NINP-His was cloned into the corresponding sites of pBELK resulting in plasmid pBE-NINPHSLK. The 3338 bp translational fused E´-NINP-His PCR-fragment was amplified using pBE-NINPHSLK as template and primers P3 and P4 containing EcoRI and HindIII at terminal restriction sites. The fragment was cloned into the equivalent sites of pBAD24 to construct the E´-NINP-His anchor fusion protein expression-vector pBE-NINPH under transcriptional control of the arabinose-inducible expression system.
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Using pEX-A2INP as template a 3171 bp PCR-fragment, encoding the His-NINP protein without termination codon, was obtained by PCR amplification. Primers P5 and P6 were used to introduce a 6x-His tag coding sequence at 5´-end and EcoRI-PstI-restriction sites at the terminal ends. In frame fusion of the L´-anchor and His-NINP sequence was generated by cloning the fragment into the equivalent sites of pBELK resulting in pBH-NINPLK.
By PCR using pBH-NINPLK as template and primers P7 and P8 to introduce restriction sites EcoRI and XbaI at 30 the termini a 3366 bp PCR-fragment was obtained encoding the anchor fusion protein His-NINP-L´. The fragment was cloned into the corresponding sites of pBAD24 resulting in pBH-NINPL.
A 3165 bp PCR-fragment was generated by using P1 and P9 primers and pEX-A2INP as template to obtain the -NINP-His gene without a terminal coding sequence and 5´XbaI and 3´PstI restriction sites. The fragment was cloned into the XbaI/PstI sites of pBELK resulting in pBE-NINPHLK carrying the E´-NINPH -L´ fusion gene,
35
which translational fuses the -NINP-His sequence to the amino-terminal E´ sequence and the carboxy-terminal L´ sequence. The E´ -NINP -L´ gene was amplified by using primers P3 and P10 to introduce EcoRI and NcoI restriction sites at the termini. The 3528 bp fragment was cloned into the corresponding sites of pBAD24 resulting in pBE-NINPHL. Figure 1 illustrates the plasmids used and constructed in this study for production of BGs carrying cytoplasmic anchored INPs facing the BG luminal site. The primer restriction sites are underlined and 6x His-tag sequence is highlighted in italic. 
Determination of colony forming units (cfu)
For cfu determination appropriate dilutions of samples in 0.85 % (w/v) NaCl solution were plated on Plate Count Agar (PCA) (Carl Roth) using a WASP spiral plater (Don Whitley Scientific). 50 μl samples were plated on PCA 15
plates as triplicates. The plates were incubated at 35°C overnight and cfu data was analyzed by a ProtoCOL SR 92000 colony counter (Synoptics Ltd) the following day.
Lysis efficiency (LE) is defined as ratio of BGs to total cell counts and can be calculated with following equation
(1):
) × 100%
20
where t0 is the time point of lysis induction (LI) and t any time after LI.
E-lysis monitoring
BG production was monitored by measuring optical density at 600 nm (OD600), by light-microscopy (Leica DMR microscope, Leica Microsystems) and via fluorescence based flow cytometry (FCM) as reported earlier.
25 (Kassmannhuber et al., 2017) Briefly, flow cytometry was performed using a CyFlow® SL flow cytometer (Partec). The membrane potential sensitive dye DiBAC 4 (3) as well as the phospholipid membrane staining RH414
(both from AnaSpec) were used for fluorescent labeling. Dye RH414 was used for discriminating non-cellular background and DiBAC for the evaluation of cell viability. Data was analyzed using FloMax V 2.52 (CyFlow SL;
Quantum Analysis) illustrating forward scatter (FSC) against DiBAC fluorescence signal (FL1, DiBAC) and 30 presented as 2D density dot plots.
Western blot analyses
Pellets of 5 x 10 -8 BGs ml -1 were boiled in SDS gel loading buffer (1x) for 5 min and separated on Bolt™ 4-12 % Bis-Tris Plus gel by using a XCell SureLock™ Mini-Cell electrophoresis system (Thermo Fisher Scientific). Then,
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the electrophoretical separated proteins were transferred to nitrocellulose membrane (GE Healthcare) with transfer buffer (25 mM Tris, 192 mM glycine, 20 % methanol) using a XCell II™ blot module (Thermo Fisher Scientific).
The membrane was placed in TBST (20 mM Tris-HCl, pH7.5, 100 mM NaCl, 0.05 % Tween-20) with 5 % milk powder (Carl Roth) overnight at 4°C. Polyclonal -H-NINP serum from rabbit was used to detect recombinant INP. Production of antiserum has been described previously (Kassmannhuber et al., 2017) . Immunodetection was 40 performed using -H-NINP serum followed by -rabbit IgG-HRP (GE Healthcare 
Measurement of ice nucleation activity
Ice nucleation activity was measured by droplet freezing assay using a modified device based on a method of Vali.
( Vali, 1971) Out of each suspension to be tested, forty-five droplets à 10 l of each tenfold dilutions series (ranging from 5 x 10 8 cells ml -1 to 5 x 10 4 cells ml -1
) were tested for active ice nuclei inside the droplet at a given temperature.
The experimental setup has already been used and described in detail in a former study. (Kassmannhuber et al., 10 2017 ) Here, only a short description is given. The droplets were distributed on a sterile aluminum plate coated with a hydrophobic film, surrounded by styrofoam and covered by a Plexiglas plate for isolation. The temperature of the working plate was decreased by two two-stage Peltier elements of type TEC2-127-63-04 circuited in series.
The surface temperature of the plate was measured by a small precision temperature sensor TS-NTC-103A (B+B Thermo-Technik). Ice nucleation activity was tested from -2 to -13°C at a constant rate of 1°C decrements. After 15 a 30 seconds dwell time at each temperature the Plexiglas plate was removed and the number of frozen droplets was recorded.
Determination of ice nucleation activity
Forty-five drops à 10 l containing a known number of BGs or bacterial cell suspension was allowed to cool to a 
where F1 and F2 are the number of frozen droplets at temperature T1 and adjacent temperature T2, and are just below and above 50 % of the total number of tested drops (n).
The cumulative number N(T) of ice nuclei ml -1 active at a given temperature was calculated by an analogical variant of the equation of Vali (Vali, 1971) 
Sum frequency generation spectroscopy
SFG spectroscopy was carried out according to Pandey et al. (Pandey et al., 2016) with an adapted amplifier output of 9.5 mJ. The optical parametric amplifier was fed with 1.5 mJ. 3 μJ IR pulses were centered at 2500 cm -1 with a 40 full width at half maximum (FWHM) of ~800 cm -1 . Visible and IR beams were focused with 20 cm and 5 cm focal length plano-convex lenses, respectively, and overlapped at angels of 45° and 50°C on sample surface. The SFG spectra were recorded over 5 minutes. 
Surface Tension Experimental Details
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Surface tension has been measured using a Langmuir tensiometer (Kibron, Finland). E´-NINP-BGs at 5 x 10 8 ml -1 have been prepared in D2O. The temperature controlled trough was thoroughly rinsed with acetone, ethanol and milli-Q water, and dried under nitrogen stream prior to measurements. The tensiometer was calibrated using pure D2O at room temperature (20 °C 
